SUMMARY The initial beats of ventricular tachycardia (VT) induced by programmed stimulation (PS) of the heart have frequently been observed to differ in QRS configuration from the subsequent uniform QRS complexes of tachycardia. The transient nature of these initial beats has made their study difficult during epicardial mapping with conventional, hand-held recording electrodes. Twenty-four dogs were studied with PS 1-10 months after coronary ligation. Twenty-six epicardial electrograms were recorded simultaneously during PS. The data were digitized for computer generation of isochronic maps for any desired beat. Three patterns of initiation were observed in episodes of tachycardia in which the initial beats differed from the subsequent beats of VT (11 of 18 runs of VT). Most ELECTROPHYSIOLOGIC STUDIES in patients with recurrent ventricular tachycardia (VT) have shown that the arrhythmia can frequently be reproduced in the laboratory with programmed electrical stimulation of the heart.1-3 When VT is initiated in this fashion, the initial beats of tachycardia after the last test stimulus often have a QRS configuration different from that of the subsequent stable tachycardia.1-' These differing initial beats generally have been attributed to self-limited reentry involving the main bundle branches1 3-5 or to reentry in local circuits around the site of the pacing catheter.3 6 Intraoperative studies using a hand-held probe for epicardial mapping in patients have successfully determined epicardial activation sequence for the stable phase of VT.7-12 Such studies use data from the recording of many epicardial points in sequence and require long runs of identical complexes. The transient nature of the changing initial beats precludes their study by this technique.
ELECTROPHYSIOLOGIC STUDIES in patients with recurrent ventricular tachycardia (VT) have shown that the arrhythmia can frequently be reproduced in the laboratory with programmed electrical stimulation of the heart.1-3 When VT is initiated in this fashion, the initial beats of tachycardia after the last test stimulus often have a QRS configuration different from that of the subsequent stable tachycardia.1-' These differing initial beats generally have been attributed to self-limited reentry involving the main bundle branches1 [3] [4] [5] or to reentry in local circuits around the site of the pacing catheter. 3 6 Intraoperative studies using a hand-held probe for epicardial mapping in patients have successfully determined epicardial activation sequence for the stable phase of VT.7-12 Such studies use data from the recording of many epicardial points in sequence and require long runs of identical complexes. The transient nature of the changing initial beats precludes their study by this technique.
Reports from this laboratory have described a system capable of recording 26 evenly spaced epicardial electrograms simultaneously. [13] [14] [15] [16] The data are digitized for computer generation of isochronic maps of the epicardial activation sequence for each desired beat. We used this system to analyze the initial beats of VT induced by programmed stimulation of the ventricles, and each run of tachycardia could be analyzed after only a single induction of the arrhythmia.
Methods Twenty-four mongrel dogs of either sex that weighed 18-25 kg were used in this study. Under general anesthesia (sodium pentobarbital 30 mg/kg), the heart was exposed through a lateral thoracotomy in the fifth interspace and suspended in a pericardial cradle. A parietal wall infarction of the left ventricle was produced by ligation of one or more diagonal or obtuse marginal arteries. The chest was closed and the dog allowed to recover. Thirteen of the 24 dogs were fed a protein-deficient diet during the peri-infarction period in an attempt to increase the yield of subsequent ventricular arrhythmias by encouraging ventricular aneurysm formation.
The dogs were restudied 1-10 months after coronary ligation. They were anesthetized with a chloralose (100 mg/kg) and ventilated with room air through an endotracheal tube attached to a Harvard pump respirator. The heart was exposed through a median sternotomy and suspended in a pericardial cradle. A reference electrode was sewn on the anterior right ventricle. Two fine insulated wires were inserted by means of a 21-gauge needle into 1) the right ventricular myocardium near the pulmonary outflow tract, 2) the left ventricle near the base of the heart anteriorly, and 3) the left ventricle near the border of the infarction. Their exposed tips served as close bipolar pacing pairs.
A nylon mesh "stocking," with 26 uniformly spaced bipolar electrode pairs (separation 1 mm) entwined in the mesh, was pulled over the heart.13-16 Unipolar and bipolar inputs from each electrode were connected to amplifiers with an input impedence of 1011 Q and a frequency response of 0.1-1.5 kHz (unipolar data) and 5-1.5 kHz (bipolar data). Unipolar data were used exclusively in this study. All appearance of ectopic rhythms and were no longer considered to be interpretable. In one dog, VT could only be produced by bursts of rapid right ventricular pacing.
Five of 11 dogs had more than one type of VT or had variations in the tachycardia at the onset (table 1) . Eighteen unique runs of VT were observed in the 11 dogs.
In seven of 18 runs of VT, all beats of tachycardia in a given run had identical QRS morphology. The QRS morphology of initial beats (beats 1-5) of tachycardia differed from that of subsequent tachycardia in the remaining 11 runs (table 1). Three patterns of initiation were observed in these 11 runs. Most often (seven of 11 runs), the initial beats of tachycardia showed epicardial breakthrough* at the pacing site; this occurred with both right and left ventricular pacing sites. After one or two such beats, the site of early breakthrough would move to a constant location near the infarction zonet (two runs), move to several infarction zone locations before a constant area of breakthrough persisted (three runs) or move to the right ventricular paraseptal area at the site where epicardial breakthrough occurred in sinus rhythm (two runs) ( fig. 1 ). This experiment shows the clumping or closer spacing of the isochrones in the area around the pacing electrode associated with the premature stimuli (S2 and S3). If one assumes a similar direction of conduction of the paced impulses from the stimulus site, such clumping can be considered to represent progressive slowing of conduction with each premature stimulus. The first nondriven beat of this tachycardia (V1) shows earliest recorded epicardial activity at the electrode adjacent to the pacing site. The second beat of tachycardia (not shown) is similar to the first (V1). The earliest recorded epicardial activity for the third and fourth beats of tachycardia (V3, V4) occurs between the infarction and the anterior interventricular groove. By the fifth beat (V5), the QRS morphology has stabilized; thereafter, the earliest recorded epicardial activity occurs at the superior border of the infarction. The appearance of one or more beats originating at the pacer site after premature ventricular stimulation was not uncommon in this series of dogs (10 of 24) or in others studied in our laboratory (unpublished observations). These *The zone of epicardial breakthrough is defined in this study as the point underlying the electrode showing earliest epicardial activation. It is clear that increasing the number of epicardial data points would give a better estimate of epicardial breakthrough.
tEpicardial breakthrough in the infarction zone is defined as earliest recorded epicardial activation at an electrode within the infarction or adjacent to the infarction. Because the extent of the infarction was usually not clear before pathologic examination, the electrode density over the infarction was often not optimal. The nonspecific term "infarction zone" reflects this limitation.
beats may or may not lead to sustained VT. In some dogs, they consistently preceded sustained VT; in others, they did not precede sustained VT when it occurred.
All Beats of Tachycardia Originating Near the Pacing Site
Brief runs of tachycardia (four to five nondriven beats) were seen in three of 24 dogs in which all beats of the tachycardia showed epicardial breakthrough near the pacing electrode. Although these episodes did not lead to sustained VT, they allow some interesting observations on pacemaker-induced "repetitive firing" (fig. 2 ). These nonsustained runs of VT shared several characteristics:
1) There was progressive crowding of isochrones around the pacing site associated with the two consecutive premature stimuli delivered after the basic drive. 2) There was a tendency toward progressive lengthening of the RR interval before the tachycardia terminated. 3) As the tachycardia progressed, more and more of the electrodes surrounding the pacing site showed early epicardial activation. By the last beat of tachycardia, a large area surrounding the pacing site showed early, nearly simultaneous epicardial activation. In three dogs, premature stimulation of the ventricles (right ventricle in two dogs, left ventricle in one dog) was able to elicit one to six beats showing epicardial breakthrough over the right ventricular paraseptal area, with early activation identical or very similar to that during sinus rhythm. After early activation of the right ventricular paraseptal area, epicardial activation spread roughly concentrically from the electrode showing earliest activation, and the total duration of ventricular activation was at least 80 msec. This is in contrast to activation in normal sinus rhythm, in which there is generally a second area of relatively early epicardial breakthrough in the apical region of the left ventricle17 and ventricular activation lasts at most 50 msec. In two dogs, these early beats immediately preceded long runs of tachycardia, with early breakthrough occurring in the infarction zone during stable VT ( fig. 3) In two dogs, the initial beats of VT showed variability of earliest recorded activity in the infarction zone but settled after several beats to an area of consistent early breakthrough in the infarction zone.
Discussion
The initial beats of VT induced by programmed electrical stimulation of the heart have frequently been observed to differ in QRS morphology from the ensuing uniform beats of tachycardia.1-4 The origin of these beats and their possible role in the initiation of VT has not received much attention. In a recent study, 13 The absence of latency between the stimulus artifact and the electrogram adjacent to the pacing site has been interpreted in clinical electrophysiologic studies to represent absence of "local" conduction delay in the vicinity of the pacing electrode.1' 25 Our data show that local conduction delay with premature stimuli may extend for several centimeters around the pacing site. This is not necessarily appreciated by examining only the latency between the stimulus artifact and a single electrogram very close to the pacing site. The reference electrogram in figure 2A is adjacent to the pacing electrode in the right ventricle. Little latency is This phenomenon was observed in three of the 24 dogs studied. Activation of the anterior wall of the right ventricle in normal sinus rhythm is initiated by the impulse reaching the anterior papillary muscle of the right ventricle via the right bundle branch. Epicardial breakthrough in man and dogs occurs over the anterior right ventricular paraseptal area, the area pretrabecularis.26 Early breakthrough of an ectopic ventricular beat over the same area activated early in normal sinus rhythm, with an activation sequence over the anterior right ventricle very similar to that of sinus rhythm, strongly suggests that the impulse arrived via the right bundle branch. Areas of early epicardial activation in normal sinus rhythm have been used by others to identify impulses emanating from the termini of the bundle branches.7 8 We believe that these initial beats breaking out over the anterior right ventricle, as in sinus rhythm, are propagated via the right bundle branch. The most probable mechanism for this occurrence is reentry in the main bundle branches. The premature ventricular stimulus finds the right bundle branch refractory, but conducts slowly in a retrograde fashion up the left bundle branch system to the common His bundle and then antegradely down the recovered right bundle branch to reexcite the right ventricle. Bundle branch reentry has been postulated to occur in both experimental animals26-28 and man,'I 4, 5, 11, 12, 25, 29 and in some cases has been thought to be the mechanism of prolonged recurrent episodes of VT in man." ' 12, 29, 30 The nonuniform recovery of excitability in the main bundle branches would facilitate this form of reentry. 31, 32 There are, of course, other mechanisms that would lead to activation of the heart via the right bundle branch. First, the presence of random supraventricular or His "capture" beats could occur at the beginning of VT. This is unlikely because of the reproducibility in some animals of one or more of these beats after extrastimuli with a given degree of prematurity. Although this pattern of initiation occurred infrequently in this study using chronic infarction, it occurred in four of five dogs studied by a similar protocol 4 days after a 2-hour occlusion of a large coronary artery (unpublished observations). More instability might be expected in the reentrant pathways and its routes of exit in this more acute model of myocardial infarction.
Limitations of the Study
Determining the global epicardial activation sequence is only the initial step in elucidating the phenomena described. VT associated with previous myocardial infarction in man1 3' 4 and experimental animals35 has been shown to be related to reentry and continuous electrical activity in the infarction zone. We did not observe these phenomena with our limited array of electrodes on the epicardium. The mechanisms that we have proposed based on epicardial data cannot be considered definitive. Simultaneous acquisition of endocardial, transmyocardial and epicardial data is required to define further the mechanism of these rapidly changing arrhythmias.
Several obstacles have previously hampered the intraoperative study of VT in man and experimental animals. The arrhythmia may be difficult to elicit consistently or be very short lived when it occurs. There may be beat-to-beat changes in the QRS complex or rapid deterioration of the arrhythmia to ventricular fibrillation. The recording of multiple electrograms simultaneously with on-line computer generation of activation data has made possible the beat-by-beat analysis of these complex, fleeting arrhythmias. Using such a system, we focused on the onset of VT induced by programmed stimulation of the ventricles. Ventricular tachycardia so induced may begin with variable QRS morphology before a stable pattern is established. These initial variable beats may be due to 1) reentry in the region of the pacing electrode, 2) reentry in the main bundle branches or 3) a beat-tobeat change in epicardial breakthrough in the infarction zone. When a stable ventricular tachycardia follows these initial beats, the earliest recorded epicardial activation for the beats of the stable phase is usually in the infarction zone.
The complexities of the initial beats of VT produced by programmed stimulation warrant caution in extrapolating the activation sequence of one or two induced beats to the mechanism of sustained VT.36
